Many studies on the mixing state of suspended particulate matters (PM) have pointed to the role of carbon particles as 2 nucleation seeds in the formation of atmospheric aerosols. However, the underlying physicochemical mechanisms remain 3 unclear, particularly concerning the involvement of volatile organic compounds (VOCs) at the primary stage of clustering. Here 4 we gain insights into those microscopic formation mechanisms through molecular dynamics simulations of the physisorption 5 of gaseous organic molecules on the surface of a carbon nanoparticle (NP). Six different organic species are selected among the 6 VOCs dominating the atmospheric pollutants of several megacities, to interact with an onion-shell nanostructure that mimics 7 the primary soot particle. We consider organic molecules at various densities on the surface of a NP, as well as the same 8 molecules in the gas phase without any NP.
where ε np is zero for the case without NP. and (c) Snapshots of the initial simulation cells for 90 propylene molecules around a 3.64 nm diameter NP, and 90 ethylbenzene molecules without any NP, respectively. This cell is periodic in all three orthogonal directions.
3 Results and discussion 85 Fig. 2 shows the per-molecule binding energy ε as a function of the number of molecules N with (a), and without (b) a NP 86 in the simulation box. Comparing the two panels, we see that the absolute values of ε are in general much higher for the 87 case with NP. This means that more energetically-stable clusters can form in presence of the NP which provides a physical of photochemical nucleation processes from gaseous precursors (Reche et al., 2011) . Strong correlations between PM 2.5 mass In Fig. 2 (a) , the four aromatic compounds (para-xylene, ethylbenzene, styrene and toluene) have clearly higher absolute 98 values of ε than the two aliphatic compounds. This is not only due to different numbers of atoms in the molecule, but also 99 due to the difference in the NP surface coverage. Examining the morphology of the formed clusters, we find that most of the 100 aromatic molecules aggregate on the surface of NP more readily than the aliphatic ones, as shown in Fig. 3 as examples. For 101 instance, the right panels (N = 210) shows that the toluene molecules start to form three-dimensional (3D) aggregates, while 102 the ethylene ones form only a thin monolayer with many molecules being isolated in the gas phase. The clusters formed in the 103 simulations are provided in supplementary data files that contain optimized molecular configurations.
104
As a general trend, in each simulation, molecules are first observed forming a single thin layer over the NP surface instead 105 of stacking up in 3D, suggesting a layer-by-layer growth mechanism that is supported by the two slopes of the ε curves shown 106 6 https://doi.org/10.5194/acp-2020-81 Preprint. Discussion started: 20 February 2020 c Author(s) 2020. CC BY 4.0 License.
in Fig. 2 (a) (as discussed below). This layer-by-layer growth mechanism could be a general process for aerosol aging in the 107 atmosphere, since it is consistent with TEM observations of BC embedded within host organic matters in aerosol PM collected 108 from regions across different continents (Adachi et al., 2010; Katrinak et al., 1993; Li et al., 2003) . This clustering process is 109 clearly illustrated in the animations provided as video supplements. To quantify how the case shown in Fig. 3 is a general situation in the simulation results, we compute a molecular aggregation 111 factor for all simulations, which is defined as where N iso is the number of isolated molecules suspended in the gas phase, as defined by a cutoff radius of 1.0 nm consistent 114 with the one used in the AIREBO function. α reaches its maximum 1.0 when all molecules in the simulation box cluster 115 together and form a single particle. More generally, the higher α is, the larger the molecular aggregates formed in the simulation 116 box are. In Fig. 4 we plot the values of α as a function of the total number of molecules for different molecular species. A 117 clear positive correlation is seen between α and the absolute values of ε shown in Fig. 2 . For instance, α values for ethylene,
118
propylene and styrene are much higher in the presence of the NP than without it, as shown on Fig. 4 , and the same trend is 119 observed in the corresponding values of ε shown in Fig. 2 .
120 Fig. 4 also shows a difference in the clustering behaviors of aromatic and aliphatic compounds, which leads to different 121 values of ε shown in Fig. 2 . This difference could come from the particular stacking order of sp 2 hybridized carbons, i.e., the 122 so-called π − π stacking. Indeed, it is more energetically favorable for an aromatic molecule to be stacked parallel to the NP 123 surface (Bjork et al., 2010) . Hence, the planar structures of aromatic molecules help when forming thermally stable aggregates 124 on the NP surface. This is consistent with previous results about the selective conduction of organic molecules on the surface 125 of graphene (Wang, 2019b) .
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